Biocompatible magnetic nanoparticles are interesting tracers for diagnostic imaging techniques, including magnetic resonance imaging and magnetic particle imaging (MPI). Here, we will present our studies of the physical and especially magnetic properties of dextran coated multicore magnetic iron oxide nanoparticles, with promising high MPI signals revealed by magnetic particle spectroscopy (MPS) measurements. The Nanomag-MIP particles with a hydrodynamic diameter of 106 nm show an increase of the MPS amplitude by a factor of about two at the 3rd harmonic, as compared to Resovist. In particular, the signal improves progressively with the order of the harmonic, a prerequisite for better spatial resolution. To understand this behavior, we investigated the samples using quasistatic magnetization measurements yielding bimodal size distributions for both systems, and magnetorelaxometry providing the mean effective anisotropy constant. The mean effective magnetic diameter of the dominant larger size mode is 19 nm with a dispersion parameter of for Nanomag-MIP, and 22 nm with for Resovist. However, about 80% of the magnetic nanoparticles of Nanomag-MIP belong to this larger size mode whereas in Resovist only 30% do. The remaining Resovist particles are in the range of 5 nm, and, in practice, do not contribute to the MPI signal.
I. INTRODUCTION

M AGNETIC PARTICLE IMAGING (MPI) is a new
imaging technique, providing three-dimensional imaging of magnetic nanoparticle (MNP) tracers with high spatial and temporal resolution [1] . In MPI, only the MNP generate the signal, in contrast to the signal origins of Magnetic Resonance Imaging (MRI) contrast agents. The MPI signal is generated by the nonlinear magnetic response of the tracers to a sinusoidal magnetic field, which produces higher order harmonics in the signal. Accordingly, the sensitivity of MPI depends critically on the magnetic moment of the tracers; Acceptable performance is expected for magnetite MNP with a core size of 30 nm and larger [2] . To date, Resovist has been used in most MPI studies because of its comparatively large signal strength. This high MPI performance was not well understood because of the small size (about 5 nm) of the magnetite/maghemite cores [3] . However, there are clusters of primary 5 nm cores present in Resovist, which have been identified as the most relevant MPS-active tracers [7] . Here, we present our studies of the physical and magnetic properties of dextran coated magnetic iron oxide nanoparticles (Nanomag-MIP), which also have clusters, and show promising tracer signals in MPI.
II. EXPERIMENTAL AND RESULTS
A. Materials
Resovist is a commercially available MRI contrast agent. Nanomag-MIP magnetic nanoparticles were synthesized by alkaline precipitation of iron(II) and iron(III) chlorides in the presence of dextran (MW: 40 kDa) according to a modified Molday process [4] . The cluster formation during particle synthesis was supported by increasing the viscosity of the reaction medium. The removal of fine particles was achieved by adjusting the particle concentration and separation time to allow an effective magnetic separation at the lowest possible magnetic field gradients. The Nanomag-MIP MNPs are dispersed in deionized water.
B. Physical Properties 1) PCS and TEM:
Using Photon Correlation Spectroscopy (PCS), the hydrodynamic diameter of the Nanomag-MIP MNPs in aqueous suspension at an iron concentration of 0.2 mg/ml was found to be 106 nm. This size was stable when measured over a period of several months, indicating that these MNPs are also stable.
0018-9464/$31.00 © 2012 IEEE The MNPs were investigated using bright field imaging in a 100 kV Transmission Electron Microscope (TEM, Zeiss EM912, Oberkochen ). A small droplet of the particle suspension was placed on a thin holey carbon film on a standard TEM grid. After a few seconds, the supernatant was blotted and the sample was dried in air. Since the dextran coating polymer gives nearly no electron contrast and forms a solid film during the drying procedure, the hydrodynamic shape and size of particles cannot be concluded from this TEM sample preparation technique. However, the morphology of the iron oxide nanocrystals within the MNP can be studied. As demonstrated in Fig. 1 , the nanocrystals are heterogeneous. Most of the (darker) iron oxide crystals have sizes between 3 nm and 8 nm. The crystal structure is spinel type magnetite or maghemite, as can be concluded from electron diffraction (not shown here). Almost no nanocrystals larger than 10 nm were observed, but there appear to be some larger particles with a high degree of shape anisotropy (Fig. 1) . The large difference between the hydrodynamic diameter of 106 nm and the nanocrystal size indicates that there is at least partial clustering of these nanocrystals within a particle. This assumption of clustering is confirmed by the SANS data (see below).
2) Small Angle Neutron Scattering: Small Angle Neutron Scattering (SANS) experiments were used to characterize the MNPs both physically and magnetically while in aqueous suspension. These experiments were conducted on the NG-7 (zero field data) and NG-3 (250 mT data) beam lines at the National Institute of Standards and Technology Center for Neutron Research. The zero field experiment used neutrons with a wavelength of 6 (except when lenses were used, which required a wavelength of 8.1 ). The 250 mT experiment used neutrons with a wavelength of 5 . In both cases, data were collected in transmission mode with a two-dimensional detector at three different sample-to-detector distances, in order to span the range of scattering vectors Q from 0.001 to 0.5 . The zero field data at 6 were corrected for the background from an empty cell and for distortions in the detector, and the subtracted (or lensed) data processed to an absolute scale by use of the straight through beam intensities. Due to time limitations, the 250 mT data were not corrected for backgrounds or scaled. However, the magnetic component of the scattering is found by subtracting the data along the horizontal axis of the detector or (parallel to the applied field so it was composed only of nuclear scattering) from the data at 90 (perpendicular to the field with both the structural and the magnetic components). Therefore, a relative measurement is sufficient for our purposes here. In both cases, the SANS measurements were made at room temperature and were contained within a 1 mm thick quartz cell. The sample consisted of the nanoparticles dispersed in (zero field) to highlight the nuclear scattering or dispersed in (250 mT) to highlight the magnetic scattering. A parallelepiped model was fitted to the data, where all the SANS data reductions and fits were performed by the use of interactive IGOR procedures [5] . The reduced data are shown in Fig. 2 .
From these fits, performed using the data between , we found that the smallest dimension of the parallelepiped model, (6.8 0.1) nm, is the characteristic size of the nuclear scattering in , as it dictates the quality of the fit. The largest dimension can be varied over 10's of nanometers without significantly impacting the fit simply by choice of the low-q end point. This size correlates well with the size of the iron oxide nanocrystals seen by TEM. However, this information alone does not indicate an absence of clusters in these MNPs, since SANS remains sensitive to the nanocrystal dimensions in a multicore particle, as well as to the overall multicore particle size. In fact, the size dispersions of the clusters presented later in the M(H) data are sufficient to wash out any peaks due to clustering. Instead, we see evidence of clustering in the deviation of the actual scattering intensities from the parallelpiped model at . This can be attributed to the presence of clusters. The smallest dimension of the parallelepiped model, (5.0 0.8 nm), is the characteristic size of the magnetic scattering in within the q-range of . (This is the region with a clear difference between the parallel and perpendicular field orientations.) As expected, the magnetic size is smaller than that of the physical size. This indicates that there may be a surface layer 1 nm thick wherein the atomic magnetic moments do not align with the "bulk" magnetization within the core. This is in agreement with what has been observed for many magnetic nanoparticle systems [6] . However, as this model is most sensitive to the smallest dimension, any clustering effects will be washed out.
Unfortunately, while the SANS data indicates the presence of both nanocrystals and clusters, there is not sufficient information to identify the relative concentration of each. Therefore, additional information is required to study the effect of the formation of clusters and their interactions.
C. Magnetic Properties
To study the impact of the cluster formation deduced from the PCS and SANS data on the magnetic structure, i.e. the size of the effective magnetic domains, the MNPs were also characterized using quasistatic magnetization measurements M(H), magnetorelaxometry (MRX), and longitudinal and transverse AC susceptometry. The nonlinear dynamic magnetization properties, relevant for MPI, were measured by Magnetic Particle Spectroscopy (MPS).
1) M(H) Measurement:
The distribution of the effective magnetic diameters of (single domain) spheres with a magnetic volume and a saturation magnetization was estimated by fitting (1) to the -data, measured at using a Magnetic Property Measurement System (Quantum Design ). and are the volume fraction of the core material and the Langevin function, respectively. Equation (1) describes the superposition of non-interacting magnetic moments . In case of multicore or cluster MNPs, the magnetic moments of the nanocrystals within the clusters may interact strongly due to the small separation between the nanocrystals within the clusters. In this case, this interaction does not restrict the applicability of (1) because this interaction helps determine the effective magnetic diameter of the clusters, which represents a virtual particle acting as one ferromagnetic domain with saturation magnetization . A second phenomenological term is necessary in (1) to account for the smooth increase in M(H) data at higher fields, clearly shown in the Nanomag-MIP data (Fig. 3) . This additional contribution is represented as , where is found to be about 1 nm. (This high field linear correction has been often attributed to surface spin canting in nanoparticles. This is reasonable in this case, since is about 1 nm, in agreement with the 1 nm thick surface layer with canted spins found from the magnetic SANS.)
We applied the size distribution to the diameters rather than to the volumes, and assumed it to follow a lognormal distribution (2) 2 Magnetic SANS is sensitive to the absolute magnetic domain size. Therefore, only interactions that substantially reduce or eliminate non-uniformities at the surface of a nanoparticle are measurable parameterized by the median diameter and the geometric dispersion parameter . Nevertheless, for further discussion we reference the diameter of the particle calculated from the mean volume, , because the magnetization behavior of a sample scales with the mean of the third or even higher powers of rather than with . Furthermore, due to the use of as an argument in (1), has to be normalized with respect to the mean magnetic particle volume . Following the results determined for Resovist, we will also apply a bimodal size distribution: (3) where are given by (2) and are the partitions of the two modes with , normalized to the total core volume.
For Resovist [7] as well as for Nanomag-MIP, (3) with (1) and (2) was fitted to the M(H)-data ( Fig. 3) yielding nearly the same saturation magnetization values of (340 10) kA/m and (360 10) kA/m, respectively. Both systems also had a bimodal distribution of the effective magnetic diameters (Fig. 3) . In Resovist, about 70% (volume fraction) of the magnetic particles belong to the mode with smaller sizes , which is in agreement with the single MNPs observed in TEM (Fig. 4) . In Nanomag-MIP, the smaller size fraction has a relative volume of . This mode has characteristic size and , where the mean is in very good agreement with the magnetic core size of (5.0 0.8) nm determined from magnetic SANS.
2) MRX Measurement: By Magnetorelaxometry (MRX) we measured the relaxation of the magnetization for the immobilized MNPs about 0.5 ms after a polarizing field of 2 kA/m was switched off for 0.5 s, at , utilizing a homemade system equipped with highly sensitive SQUID-sensors [8] . Immobilization was obtained by freeze drying within a mannitol matrix, keeping the mean MNP distances unaltered. Because of the switch-off time of 0.5 ms, iron oxide MNP with core sizes smaller than about 18 nm do not contribute significantly to the MRX signal. Accordingly, we applied the monomodal size distribution (2) using the amplitude factor (Table I) while fitting the Moment Superposition Model (MSM) [8] to the MRX data. This analysis yields a distribution , the centers of which match obtained from , although only roughly in the case of Resovist (Fig. 4) . Differences might arise from changes in the local structure due to freeze drying of the MRX samples. That means that MNPs may move closer together resulting in an increased dipolar interaction. In addition, this analysis of MRX-data also yields the effective (uniaxial) anisotropy constant . We found that of Nanomag-MIP is about (25 3)% larger than the corresponding value for Resovist (Table I) .
3) Transverse Susceptibility: Measurements of the magnetic anisotropy were also performed using the transverse susceptibility (TS) method. TS measurements were performed using a modified resonant technique [9] . In this method, the sample is placed in the inductance coil of a tank circuit that is driven by a lock-in amplifier (Signal Recovery 7280 ) and resonates at a frequency of around 1.5 MHz. The coil is placed inside a commercial superconducting magnet (Janis Research ) with a DC field variability of up to 5 T and a temperature range of ) such that the perturbing AC magnetic field inside the coil is oriented perpendicular to the DC field. The TS measurement for a given temperature is performed by monitoring the change in the resonant frequency of the circuit as the DC field is swept from positive saturation to negative saturation and then back to positive (bipolar scan). Because the change in resonance frequency of the circuit is a direct consequence of the change in the inductance as the sample is magnetized, is directly proportional to . We therefore plot the quantity: (4) as a function of where and are the transverse susceptibility at the field and at the saturating field , respectively. Since this is a technique based on finding the change in the resonant frequency of the circuit in the presence of a magnetic field, the uncertainty in a specific data point is determined by the bandwidth of each resonant frequency measured and the change in each resonant frequency in the presence of a field. The average bandwidth of the resonant frequency in this setup is 10 Hz.
Here, the sample is composed of the MNPs in aqueous suspension which is rapidly frozen in zero field. The data were taken at 50 K, where the measured anisotropy field HK is 15
. Since , and assuming the bulk values for magnetite for and volume density, this corresponds to an effective anisotropy of approx.
. Estimating from the breadth of the anisotropy field peak, is approx. . is approximately a factor of three lower than that measured by MRX, . This may, in part, be due to the random orientation of the MNPs. It has been shown previously that the anisotropy peaks will depend only on the contributions of the nanoparticles oriented with their easy axes nearly perpendicular to the DC magnetic field [10] . This work has also found that a factor of three difference is not unreasonable for MNPs [10] . In addition, unlike MRX, TS is sensitive to all magnetic sizes, so the smaller mode of the bimodal distribution may have a net reduction on . Finally, in TS-measurements is affected by residual thermal fluctuations at 50 K. In contrast, the analysis of MRX-data with MSM [8] accounts for thermal fluctuation. Hence, corresponds to a fluctuation free moment and should be larger than . 4) AC Susceptometry: AC Susceptometry (ACS) measurements were performed with a sinusoidal excitation field in a frequency range 5 Hz to 100 kHz at room temperature (Imego DynoMag B1h, Gothenburg ). After rescaling to the volume fraction of iron oxide, the data were found to be independent of dilution down to 1 part in 10 ( Fig. 5) and were fitted to analytical functions [11] . A model with separate terms for Brown-type relaxation (log-normal distributed hydrodynamic diameter) and Néel-type relaxation (Cole-Cole function) was used to analyze the experimental data. The mean hydrodynamic particle diameter of Nanomag-MIP in fluid was calculated from the Brownian part to be 100 nm. This is related to a maximum of imaginary part of the susceptibility at a frequency of 420 Hz and is in good agreement with the PCS measurements. For Resovist, the maximum at 2 kHz corresponds to a hydrodynamic diameter of about 60 nm. Particles were also immobilized in 2% (weight) agarose gel to achieve a homogeneous particle dispersion of randomly oriented immobilized particles. The ACS data for immobilized Nanomag-MIP have a similar dependence on frequency as found previously for Resovist [12] , but a (1.5 0.1)-fold higher magnitude, within the observed frequency range.
5) MPS measurements:
Magnetic Particle Spectroscopy (MPS) measurements were performed on fluid MNP suspensions at and 25 kHz by means of a Magnetic Particle Spectrometer (Bruker BioSpin ). In order to determine the influence of anisotropy, the freeze-dried MNP samples were also measured. The spectra of such immobilized MNP are, over the entire range of measured harmonics, below that of the fluid suspensions (Fig. 6 ). This is in qualitative agreement with the reduction in susceptibility measured by ACS for immobilized MNP. This reduction is attributed to the absence of the Brownian relaxation mechanism.
The decay trend of the harmonics within the spectra of Resovist and Nanomag-MIP are very similar. However, Nanomag-MIP has a significantly larger amplitude, where the amplitude A3 of the 3rd harmonic in the MPS spectrum is twice as high as that of Resovist (Table I) . Furthermore, for Nanomag-MIP, the difference between the spectra of free (Brownian) and immobilized MNP is (27 5)% larger than the corresponding difference for Resovist (Fig. 6) .
III. DISCUSSION
Based on previous results that the largest MNPs generate most of the MPI signal [7] , the aim was to produce more of the larger clusters within a MNP. We found that the MNPs of both systems, Nanomag-MIP and Resovist, have bimodal distributions in magnetic size. The fraction of larger MNP, , originates from nanocrystal clusters, as determined from TEM in conjunction with SANS and PCS. It was shown that the effective magnetic size of these larger particles exceeds the physical size of the single magnetite/maghemite grains significantly. The magnetic structure is most relevant in determining the MPI signal, especially the magnetic size and anisotropy constant of , which are very similar between Nanomag-MIP and Resovist. These similarities in magnetic structure translate to qualitatively similar MPS spectra (Fig. 6) .
The magnetic size of was measured by two independent methods, M(H) and MRX, where the average of the two mean diameters amounts to (19 1) nm for Nanomag-MIP and (22 2) nm for Resovist. The difference between and might be related to slight structural alterations due to freeze drying, possibly leading to increased dipolar interactions.
There are also quantitative differences: Nanomag-MIP has an MPS amplitude which is two times larger than that of Resovist. This roughly correlates with the 2.8 times larger fraction of particles with the larger magnetic moments (MPS-active MNP), quantified by the value determined earlier. is only twice as large rather than 2.8 times larger because the mean magnetic moment of the MNP fraction of Nanomag-MIP is 36% smaller than that of Resovist. This may reduce the MPS amplitude because it is assumed that larger particles within the given size range generate a larger MPS amplitude. For example, an iron oxide MNP with a 15 nm core diameter would have an expected MPS amplitude which is one order of magnitude smaller than that of a similar MNP with 20 nm core diameter [13] .
The MPS signal is determined by the magnetization dynamics of the moments of the MNP, but it also depends on the hydrodynamic diameter . Due to immobilization of the MNPs, preventing Brownian rotation, became attenuated by 23% and 60% for Resovist and Nanomag-MIP, respectively. While this effect is significant, it does not dominate over Néel relaxation. Due to the complex dependence on the magnetic anisotropy, this effect will not be discussed here in detail; instead, only a quantitative comparison will be given: MPS attenuation due to freeze drying is (27 5)% larger in Nanomag-MIP than in Resovist. This value agrees well with the difference in magnetic anisotropy energy of (25 3)% measured by MRX (Table I) . Note: for Nanomag-MIP, was also measured by transverse susceptibility which yielded a value three times smaller than MRX. This might be partly caused by the temperature difference or the random orientation of anisotropy axes in relation to applied DC field, as well as the fact that TS is sensitive to the mode in the bimodal distribution, but MRX is not. Therefore, further work is required for a proper quantitative comparison between the two methods.
We conclude that the parameter describing the magnetic structure of a MNP system, obtained by different magnetic measurement methods other than MPS, enables the quantitative elucidation of differences in MPI behavior.
